Complex mathematical simulation models are generally used for quantitative measurement of the fate of agricultural chemicals in soil. But it is less efficient to use them directly for regional water quality assessments because of the large number of simulations required to cover the entire region and because the entire set of simulation runs must be repeated for each new policy. To make regional water quality impact assessment on a timely basis, a simplified technique called metamodeling is suggested. A metamodel summarizes the inputoutput relationships in a complex simulation model designed to mimic actual processes such as groundwater leaching. Metamodels are constructed and validated to predict groundwater and surface water concentrations of major corn and sorghum herbicides in the Corn Belt and Lake States regions of the United States. The usefulness of metamodeling in the evaluation of agricultural nonpoint pollution policies is illustrated using an integrated environmental economic modeling system. For the baseline scenario, we estimate that 1.2% of the regional soils will lead to groundwater detection of atrazine exceeding 0.12 Mg/L, which compares well with the findings of an Environmental Protection Agency monitoring survey. The results suggest no-till practices could significantly reduce surface water concentration and a water quality policy, such as an atrazine ban, could increase soil erosion despite the conservation compliance provisions. Complex mathematical simulation models are generally used for quantitative measurement of the fate of agricultural chemicals in soil. But it is less efficient to use them directly for regional water quality assessments because of the large number of simulations required to cover the entire region and because the entire set of simulation runs must be repeated for each new policy. To make regional water quality impact assessment on a timely basis, a simplified technique called metamodeling is suggested. A metamodel summarizes the input-output relationships in a complex simulation model designed to mimic actual processes such as groundwater leaching. Metamodels are constructed and validated to predict groundwater and surface water concentrations of major corn and sorghum herbicides in the Corn Belt and Lake States regions of the United States. The usefulness of metamodeling in the evaluation of agricultural nonpoint pollution policies is illustrated using an integrated environmental economic modeling system. For the baseline scenario, we estimate that 1.2% of the regional soils will lead to groundwater detection of atrazine exceeding 0.12 •g/L, which compares well with the findings of an Environmental Protection Agency monitoring survey. The results suggest no-till practices could significantly reduce surface water concentration and a water quality policy, such as an atrazine ban, could increase soil erosion despite the conservation compliance provisions.
ally consistent combination of policy, environmental, chemical, management, and technological parameters and behavioral equations. Integrated systems analysis requires both timely integration of diverse process models and integration of outcomes over a distribution of diverse input sets. Therefore a simplified technique to ease the computational burden while abstracting the key process characteristics is needed. Metamodels are simple, but statistically validated, analytical tools capable of addressing both of these difficulties.
Metamodeling is a statistical method to abstract away from unneeded detail for regional analysis by approximating outcomes of a complex process model through statistically validated parametric forms. The simplification provided by metamodels allows us to evaluate the consequences of alternative policies without the need for additional simulations. If the complex simulation model is a tool to approximate the underlying real-life system, the analytic metamodel attempts to approximate and aid in the interpretation of the simulation model and ultimately the real-life system. Blanning [1975] and KleO'nen [1979] recommend analytic metamodels for simulation experiments; Lawless et al. [1971] propose their use for sensitivity analysis. Empirical application of metamodels in industrial, computer, and management fields is documented by Kleijnen [1987] . To our knowledge, use of metamodels in agrieco!ogical systems simulation and, particularly, the simulation of real processes describing the fate of agricultural chemicals, is fairy new [see Bouzaher, 1991] . This paper discusses metamodeling in an agriecological economic system with specific reference to evaluate agricultural nonpoint pollution policy. We identify, estimate, and 1579 validate regression metamodels for concentrations of chemical in groundwater and surface water. We generated these concentrations from process model simulations calibrated on a sample of soils in a study area comprising the Corn Belt and Lake States. A representative, stratified, self-weighted random sample of soil was drawn for the simulation experiment. We find simple nonlinear exponential functions to adequately explain and predict the simulation model responses. We use the estimated metamodels to predict the groundwater and surface water chemical concentrations and their distributions for the entire set of soils in the study area for the baseline regime of herbicide use. This baseline is determined by the agricultural decision model in the Comprehensive Environmental Economic Policy Evaluation System (CEEPES). CEEPES is an integrated agriecological economic system designed to evaluate the trade-offs of alternative policies restricting the use of herbicides, particularly atrazine, in corn and sorghum production [Cabe et al.,
19911.
We compared our estimate for the spatial distribution of groundwater concentration of atrazine with that of the Environmental Protection Agency's (EPA) groundwater monitoring survey estimate [EPA, !990]. Our estimate of 1.2% of the soils in the region contributing to an atrazine detection level exceeding the survey's minimum reporting limit of 0. !2/zg/L (parts per billion (ppb)), is bounded by the monitoring estimate of 0.7% in the rural wells and 1.7% in the community water systems. We also derived cumulative spatial probability distributions for groundwater and surface water concentrations of atrazine under conventionaland no-till practices.
Some of our results are as follows: (1) The probability of exceeding the toxicity-weighted benchmark for human exposure from atrazine, as suggested by the EPA, is relatively larger for surface water than groundwater. (2) No-till practices significantly reduce the surface water concentrations of atrazine and other herbicides relative to conventional tillage. (3) A water quality policy that bans atrazine could increase soil erosion, even with the conservation compliance provisions fully incorporated.
METAMODELING IN AN AGRIECOLOGICAL ECONOMIC SYSTEM
A metamodel is a regression model explaining the inputoutput relationship of a complex simulation model, which is a mathematical model structured to mimic the underlying real-life process. Let cb be the unknown function which characterizes the underlying real phenomena relating the response y to the input vector v: y = cI)(v).
( statistical purposes, it would be preferable to experiment with the real-life system rather than a simulation model of the system. In that case we would have a statistical model of the system rather than a metamodel. This approach is not adopted because it would mean incurring the cost and delay of waiting, in this case for 30 years of weather to present itself to the real-life system.
Given the output of a simulation experiment, we can specify an analytic metamodel with relatively few inputs, x l through x k. Let the metamodel explaining the simulated outcome be represented as y = •b(xl, x2, '" , x/•, u), The concentrations in groundwater and surface water recorded from the simulation experiment comprise the data for the dependent variables in the regression metamodels. Table 1 presents the descriptive statistics and distributional characteristics of the data. Preliminary analysis of the data showed large variability in concentrations from one soil to another, highlighting the need for a spatial dimension, and from one management practice to another within a soil. In 90% of the observations, herbicide concentrations in groundwater were less than 1 ppb. Twenty percent of the concentrations at 1.2 m and nearly one half of the concentrations at 15'm were zero. The distributions, in general, were nonnormal and positively skewed (to the right). The sample mean of surface water concentrations was 242 ppb with a standard deviation of 269. The data for the regressors were mostly represented by the simulation inputs. Soil properties (organic matter, water retention capacity, bulk density, sand and clay proportions, and soil depth) were obtained from DBAPE. Pesticide characteristics (decay rate, Henry's law constant, and organic carbon partition (soil sorption) coefficient (Koc)) were obtained from Wattchop and Goss [1990] . See Carsel and Jones [1990] for a description of these data bases and their applicability to regional studies.
The Models
In the metamodeling literature, the most commonly used models are the general linear and nonlinear models, often referred to as "regression metamodels." We first fitted a simple linear model using an ordinary least squares (OLS) procedure. Let Y be an n x 1 vector of observations of the simulated response; X be a known, full-rank n x p matrix of observations on the explanatory variables; and 13 be a p 
Validating the Metamodels With Monitoring Survey Estimates
Validating the metamode!s with monitoring data would be the ideal method of validation provided we had adequate monitoring data and the process models were adequately validated. Given the limited information on groundwater and surface water monitoring in a wide geographical area, we elected to perform approximate (crude) validation tests with the EPA's groundwater monitoring survey estimates [EPA, 1990] . Table 4 Assume agricultural production is represented by a joint production process where the two outputs, crop and pollution, are separable. The agricultural production and the nonpoint pollution process can be represented by the following expressions: Given the baseline estimates of RAMS, we determined the chemical concentrations for the complete distribution of soils in the study area and computed spatial probability distributions. The spatial probability is measured as the proportion of soils for which a particular chemical under a given technology exceeds the toxicity-weighted benchmark (maximum contaminant level (MCL)). This measure, "probability that a soil is at risk," is more intuitively interpreted as a measure of the "spatial distribution of risk," and its usefulness is to target vulnerable soils and areas. Figure 3 illustrates the cumulative spatial probability distribution of atrazine under conventional-and no-till practices. Comparing our estimates with the MCL for chronic and acute exposure levels of atrazine in drinking water, 3 ppb and 100 ppb, we find that the probability of exceeding the benchmark is higher for surface runoff than for groundwater. The probability that the average concentration in ,•roundwater will exceed the chronic benchmark value of !: ppb is only 0.2%, regardless of tillage. The probability that the peak concentration in surface runoff will exceed the acute bench- mark value of 100 ppb is reduced from 51% under conventional tillage to 10% under no-till practice. In general, a similar result holds for other herbicides (see Figure 4) . A major implication of these results is that groundwater quality is unimpaired by the conservation compliance policy. This suggests that the implementation of soil conservation policy will not lead to any unfavorable trade-offs between soil conservation and groundwater quality goals. But this is not the case for the water quality policy of banning atrazine. Our preliminary investigation suggests increased soil erosion in the Corn Belt because of shifts in cultivation practices from conservation tillage to conventional tillage. Table 5 shows the changes in the total soil erosion caused by an atrazine ban policy relative to the baseline for conventional and conservation tillage practices in the Corn Belt. Overall, soil erosion increased by 3.6% despite the conservation compliance provisions. By relaxing those provisions, we expect a more significant increase in soil erosion. These results are interesting in light of the recent debate on compatibility of soil conservation and water quality policies. Water quality is determined by a multiattribute vector, comprising such elements as sediment, nutrient, chemicals, and biotoxicants. Therefore a comprehensive analysis using a multiobjective framework is required to analyze trade-offs between these two policies [Lakshminarayan et al., 1991] .
CONCLUSION
Informed debate on agricultural nonpoint pollution policy requires evaluation of water quality on a regional basis in relation to management practices and hydrogeological conditions. Metamodeling has enormous potential for use in integrated agriecologica! economic systems designed for policy evaluation on regional levels. The overall implication of this study is that the metamodeling strategy can support integrated multimedia policy analysis in an environment of existing policy interventions with agents who respond to policy changes. The present illustration incorporates groundwater and surface water media, models relevant to existing policy interventions such as conservation compliance, and allows agents to respond to policy changes by altering weed control strategies. Without the method of metamodels, policy analysis would necessarily be less comprehensive, and consequently, less adequate to deal with the difficult but important task at hand.
